Multiple regression and principal components analyses were employed to examine relationships among pubertal and growth characters. Records used were from 424 bulls and 475 heifers produced by a diallel mating of Angus, Brahman, Hereford, Holstein and Jersey breeds. Characters studied were age, weight and height at puberty and measurements of weight and hip height from 9 to 21 mo of age; pelvic measurements of heifers also were included. Measurements of weight and height near 1 yr of age were related most highly to pubertal age, weight and height. Larger size near 1 yr of age was associated with younger, larger animals at puberty. Growth rate was associated with pubertal characters before, but not after, adjustment for effects of breed-type. Principal components of the variation of pubertal and growth characters among animals were strongly related to both weight and height. The majority of the variation among breed-types was due to height. Characteristic vectors of principal components describing the variation of bulls and heifers were strikingly similar. The variance-covariance structure of pubertal characters was essentially the same for both sexes even though the mean values of the characters differed.
Introduction
Interrelationships among puberty, growth and size of animals within breeds of cattle have been demonstrated, yet not fully elucidated (Wiltbank et al., 1966; Plasse et al., 1968; Laster et al., 1972) . Relationships among these characters across breeds of cattle have not been investigated to any extent. Understanding these relationships both across and within breeds of cattle is necessary if selection, aimed at improvement of total efficiency, is to be effectively applied to alter any or all of these characters.
Multiple regression and principal components analyses were used to examine the interrelationships between growth and puberty characters. The principal components analysis often can Dept. of Anim. Sci. 2 Present address: Dept. of Anim. Sci., Purdue University, West Lafayette, IN 47907. 3Present address: Texas A&M Univ. Agric. Res. and Ext. Center, Overton 75684.
Received July 20, 1987 . Accepted February 20, 1988 reveal relationships not previously identified and thereby aid in interpretation.
Materials and Methods
The Texas Agricultural Experiment Station project "Evaluation of Hybrid Systems for Total Efficiency of Beef Production", conducted at the Texas A&M University Agricultural Research Center at McGregor, was the source of the data for this study. A description of this project and the collection procedures for pubertal and growth data were given by Long et al. (1979a,b) and Stewart et al. (1980) . Weight and hip height measurements were collected monthly on 424 bulls and 90 heifers receiving a 72% TDN diet ad libitum in confinement. Measurements were taken quarterly on 385 heifers that were on pasture and received a concentrate supplement when necessary to ensure normal growth. Pelvic measurements were recorded on heifers at 12 and 15 mo of age and at puberty. Male puberty was defined as the age at which a sperm cell was first observed in an ejaculate. All bulls were electroejaculated monthly from 7 mo of age until puberty. Female puberty was 2147 J. Anita. Sci. 66:2147-2158 the age at which the first ovulatory estrus was observed. These definitions for male and female puberty are not meant to be physiologically equivalent between sexes, but rather are objective indicators of a physiological point within each sex for comparison among breed-types and individuals. Body weights and hip heights at 45-d intervals from 270 to 630 d of age were obtained by interpolation from measurements taken monthly or quarterly. Growth rates for weight and hip height were calculated from these interpolated measurements.
Multiple Regression. Data were analyzed using SAS (1982) to identify the models that most adequately described pubertal age (PAGE), weight (PWT) and height (PHT) of the bulls and heifers. A stepwise regression procedure using SAS (1982) was used to select the variables. The main effects of breed-type, management and, when statistically significant, their interaction, were combined with the covariates selected to describe female pubertal characters. For male analyses, only breed-type was added to the covariates used to describe the pubertal characters because all bulls were similarly managed. Those covariates that were nonsignificant (P > .20) sources of variation were removed, and a final model containing the main effects and relevant covariates was used.
Principal Components, Based on the results of the multiple regression analysis, variables were selected to form a vector of characters for principal component analysis. All covariates found to be significantly related to pubertal age, weight or height were included with the pubertal characters.
Principal components were calculated for each sex separately. One set of components was calculated based on the total variation among all individuals using a factor analysis procedure (SAS, 1982) . A second set of components was calculated from the variation among breed-types and, in the case of the females, from the variation between two management treatments. The hypothesis matrix from a multivariate analysis of variance of the pubertal weight and height characters was used to estimate these components. The model included breed-types for bulls and also included management for heifers. Correlations between the principal com~ponents and the covariates were estimated. In addition, principal components (Morrison, 1976) were calculated for the variation among animals and among breed-types for the vectors of pubertal age, weight and height for each sex. The hypothesis matrix from the multivariate analysis of variance again was used for estimation.
Results and Discussior~

Multiple Regression
Pubertal characters of bulls and heifers were regressed on measures of size and growth to form a basis for assembling a vector of characters for principal components analysis.
Heifers. When considering covariates unadjusted for the main effects of breed-type and experiment, the variables found to be positively related with pubertal age were H315, AGRW1 and AGRH2; those negatively related with pubertal age were W450, AGRW2, HP12 and HP15. After adjustment for breed-type, AGRW2, AGRH2 and HP12 were no longer significantly related to pubertal age. The magnitude and sign of the regression coefficients for the remaining covariates did not change significantly between the two models. Female pubertal age was fitted to a reduced model including only those sources of variation either significant (P < .05) or approaching significance (P < .10) in the adjusted model. The ANOVA and regression coefficients for this reduced model are presented in Table 1 .
The covariates found to be positively related to pubertal weight when unadjusted for breedtype, experiment and their interaction were W315, H315, AGRWl and AGRH2. Characters negatively related to pubertal weight were W270, AGRW2 and HP12. After adjusting these covariates for the main effects of breed-type, experiment and their interaction, the growth rates for weights and HP12 were no longer significantly related to pubertal weight (Table  1 ). The variables H315, W450, HP15, AGRH1 and AGRH2 were found to be related to the pubertal height of females. After adjustment for breed-type and experiment (Table 1) , only W450 was removed from the model. Regression coefficients for absolute growth rates for height and H315 were positive, whereas HP15 had a negative regression coefficient (Table 1) .
Bulls. Measures and absolute growth rates after 450 d of age were not included in the analyses of males because these data did not exist on a large number of bulls. The only covariates to affect male pubertal age significantly were W360 and H360; shorter, heavier bulls tended to be younger at puberty. Adjustment for breed-type caused H360 to become nonsignificant; therefore, the reduced model contained only W360 as a covariate (Table 2) . Male pubertal weight was found to be positively affected by W315 and H315, but, as with pubertal age, after adjustment for breed-type, the height measurement was not significant.The regression coefficients for W315 and H315 were positive in all models, indicating that taller, heavier bulls at 315 d of age were heavier at puberty (Table 2 ). Because the mean pubertal age of the bulls was approximately 321 d, these results are not surprising. The results of analysis of pubertal height of the bulls are presented in Table 2 . Significant regression coefficients were found for H315, H360 and W360 both before and after adjustment for breed-type. Bulls taller at 315 and 360 d of age were taller at puberty; a tendency was found for bulls lighter at 360 d to be taller at puberty.
To help describe the relationship among pubertal characters, the procedure was repeated with the pubertal measurements included as covariates eligible for selection. The inclusion of the pubertal characters as eovariates caused changes in the significance patterns as well as in the magnitudes and (or) signs of the regression coefficients for all dependent variables. These results indicate the need to consider all of these covariates in a simultaneous manner in order to understand more fully their interrelationship. There is not a sound basis for designating a particular variable as the dependent variable while designating others as independent. In the next section, this vector of covariates was examined through principal components analysis.
Principal Components Analysis
Principal components are linear combinations of a set of covariates. The coefficients of the linear function are the elements of the characteristic vectors of the principal components. The principal components procedure provides that successive components describe the maximum variation among a set of observations that is orthogonal to all previous components in the set. Therefore, the first component represents the major axis of variation among the observations in multi-dimensioned space. The second component is the first minor axis of variation, etc. The principal component model was used to summarize the original variables and the variance among them into a minimum number of factors for prediction purposes.
Total Variation in Heifers. The following variables were chosen as the vector for principal components analysis for the females: PAGE, PWT, PHT and horizontal pelvic dimension (PPH), W315, W360 and W450, H315 and H360; HP12 and HP15; AGRW1 and AGRW2; and AGRH1 and AGRH2. These 15 variables were selected based on the results observed in the multiple regression analysis. The coefficients of the principal components, calculated based on total variation of the females, are presented in Table 3 . Only the first three components are given; the remaining 12 components had associated eigenvalues less than 1.0 and combined accounted for only 26% of the total variation. The first component contrasted large animals, in terms of weight and skeletal size, that were young at puberty to smaller animals that were older at puberty. Heifers that were tall and heavy at ages through 450 d and were young at puberty tended to exhibit values greater than the mean for this component. The correlations between the principal component and the original variable in the vector are presented in Table 3 . Large positive correlations existed between the first component and the measures of size. The correlations with absolute growth rates for hip height were near zero, and pubertal age was negatively correlated with the first principal component. Therefore, this first principal component indicated that the major axis to describe variation among all heifers was associated with size and that the larger sizes through 15 mo were associated with younger pubertal ages. The first component accounted for 40% of the total variation in the 15 measurements for the females (Table 3) . Table 4 contains the means of the principal components for the females by breed-type. Values above the mean of 655 were indicative of large animals, modified by the fact that older pubertal ages decreased the magnitude of the principal component. The largest values for this component were for the Brahman-Holstein, Holstein, Hereford-Holstein, Angus-Holstein and BrahmanHereford heifers, indicative of the large size of these breed-types. The Jersey, Hereford and Hereford-Jersey breed-types had the smallest values for the first component; these breed-types tended to be smaller than the other breed-types (Stewart et al., 1980) . The second principal component accounted for 19% of the total variation in females (Table  3 ) and had larger positive coefficients for the pubertal characters, relatively small negative coefficients for the pubertal characters, relatively small negative coefficients for W315 and W360, and larger negative coefficients for W450 and growth rates for weight. Higher values for this component were exhibited by heifers relatively older and larger at puberty that had slow growth rates and were taller, yet lighter, at the ages encompassed by these variables. The correlations between the second principal component and the variables reinforced this pattern; the correlation coefficient was .85 for pubertal age (Table 3) . Means of the second component (Table 4) were greatest for the Brahman, Brahman-Angus, Brahman-Hereford, Hereford and Brahman-Jersey breed-types; these values were indicative primarily of the older age at puberty of these breed-types and secondarily of their slower growth rates (Stewart et al., 1980) . The third principal component accounted for 15% of the total variation observed in heifers ( Table 3 ). Heifers that were fast-growing but somewhat smaller at the early ages would have a high value for this component. This third principal component was strongly positively correlated with the growth rates for weight; it was slightly negatively correlated with pubertal age of the heifers. The largest means for this third component (Table 4) were exhibited by the Holstein, Brahman-Holstein, Hereford-Holstein and Angus-Holstein breed-types.
Breed-Type Variation in Heifers.
A set of principal components was calculated to describe variation among breed-types of the heifers, rather than total variation. Coefficients within this set of components are scale-dependent in their interpretation. The same 15 variables were included to describe the breedtypes. The first principal component of this set accounted for 59% of the variation among breed-types for the vector of characters and was dominated by the measures of height (Table 3) . This domination is demonstrated by the correlations between the principal component and measures were negative in the first component, the correlation coefficients for the weights were positive, indicative of the strong relationship of skeletal size to mass of animals. Breed-type means of the first principal component (Table  4) tended to be largest for the taller breed-types (e.g., Brahman, Brahman-Holstein, BrahmanJersey and Holstein). The second principal component calculated from the variation among breed-types of heifers was most highly correlated with pubertal weight (.52) and AGRW2 (--.43; Table 3 ). This principal component was associated with 17% of the variation among female breed-types for the entire dependent vector. Coefficients for the second component ( Table 3 ) contrast heifers that were older and heavier at puberty, as well as smaller in scale at early ages and slow-growing, against heifers with opposite attributes. Breed-types that ranked highest for this component (Table 4) were the Brahman and Brahman-British crosses. The breedtype that ranked lowest (i.e., younger at puberty, heavier and taller at young ages and rapid growing at young ages) was the Holstein.
Variation in Heifer Management. The principal component for the variation between the two management treatments is presented in Table 3 ; only one component was estimable with only two classes of the effect. The component would have smaller values for heifers older, lighter and taller at puberty that were slower growing for weight yet had higher growth rates for height. This comparison can be seen most readily in the correlations between the component and the measurements (Table  3 ). The mean principal component for the pastured heifers (-.48) was smaller than for the penned heifers (-.33). Examination of the least squares means for the pastured vs penned heifers (Long et al., 1979a,b; Stewart et al., 1980) shows that pastured heifers were older, lighter and taller at puberty with lower absolute growth rates for weight and higher absolute growth rates for height.
Total Variation in Bulls. Variables of interest
for principal components analysis of bull data were PAGE, PWT, PHT, pubertal weight-height xatio (PW/H), W315, W360, H315 and H360. Growth rates for weight and height were not included because they were not significant in the multiple regression analysis. Principal components for the total variation of bulls are presented in Table 5 . The axis described by the first component was associated with 63% of the variation among bulls. With the exception of pubertal age, the coefficients of the component are all of very similar magnitude, indicating that the majority (63%) of the variation among bulls could be described through the weight and height of the animals. The principal component was highly correlated with the weight and height measurements (Table 5) , as would be expected from the coefficients of the component. The ranking of the breed-types based on the first principal component (Table 6 ) was similar to the rankings for the breed-types based on scale and mass. The second principal component (Table 5 ) was dominated by the coefficient for pubertal age and would tend to have a high value for bulls that were older at puberty and lighter and shorter at 315 and 360 d of age. This component was highly correlated with pubertal age (r = .94). The first principal component separated the bulls according to size and the second component subdivided them according to pubertal age; together these components accounted for 85% of the total variation of the dependent vector. The third component was associated with 13% of the variation and was largely a function of the height measurements as well as the weight-height ratio. This third component contrasted bulls that were relatively short and heavy to those that were relatively tall and light. However, correlations between the third component and the covariates were negative for all measures of size and positive for pubertal age.
Breed-Type Variation in Bulls.
Principal components calculated for variation among breed-types for bulls are presented in Table 5 . Coefficients of the first principal component for height measures and the weight-height ratio dominate the component. Correlations between the first principal component and the vector of variables were largest for the three measures of height (Table 5 ). These correlations indicate that differences among breed-types for the bulls were largely related to skeletal size. The first component was associated with 76% of the variation among breed-types. The ranking of the breed-types for the first principal component was very similar to the ranking of the breed-types for pubertal height in the bulls (Table 6 ).
The second principal component accounted for about half of the remaining variation among breed-types (12%). Larger values for this component (Table 5) .86 and .90, respectively) . Variation in Pubertal Characters. The final phase of the principal component analysis was to describe the variation for the pubertal characters alone. The vector analyzed consisted. of pubertal age, weight and height and was chosen for comparison of heifers to bulls.
The first principal components of the total variation of the vectors analyzed for the heifer and bull characters are presented in Table 7 . The coefficients within each set of components are very similar in magnitude, and all are positive. Therefore, for describing total variation among pubertal characters, differences among cattle were primarily related to animals older at puberty being larger and heavier. Note that for both sets of components, over 70% of the variation for all characters in the respective vector was associated with the first principal component (Table 7) .
Principal components of variation among breed-types for pubertal characters by sex are presented in Table 7 . Coefficients of both the first and second components of the pubertal vector for each sex are similar. The coefficient for pubertal height dominates the first component; higher values would be observed for taller breed-types that were younger and lighter at puberty (Table 8 ). The secondary axis is most strongly related to pubertal weight as indicated by the correlation presented in Table 7 . The distribution of breed-types of both sexes had a major axis strongly associated with pubertal height and a secondary axis related to pubertal weight.
Discussion
The major finding exposed through the results of the multiple regression analysis was the high degree of interdependence of the pubertal characters and the growth characters. The effect of a variable was dependent on the other variables included in the model as well as the adjustment for the main effect. The regression coefficients in the analysis for pubertal age of heifers are within the range of coefficients reported by Wiltbank et al. (1966) . However, after adjustment for breed-type and management, the coefficients associated with the growth rates for weight and height were no longer significantly different from zero. Laster et al. (1972) also reported that, after adjustment for breed effects, growth rate had no significant effect on pubertal age. The results of the investigation of the effect of growth rates on pubertal age of the males in this study also indicated no significant effect. All bulls were on a high plane of nutrition and were gaining at or near their potential; therefore, any differences in growth rate would be associated with differences among breed-types for growth potential. The results of this study and the report of Laster et al. (1972) indicate that, whereas growth rate as a function of nutrition tends to affect pubertal age, differing growth rates due to genetic potential do not affect pubertal age to any significant extent. This same concept would apply to the relationship between pubertal weight and growth rate for weight. However, growth rate for height affected both pubertal weight and pubertal height of the heifers even after adjustment for breed-type and management effects. Increased growth rate for hip height was associated with heavier, taller heifers at puberty. Height was an important source of variation for pubertal age and weight. A final point to note concerning the multiple regression equations is the proportion of variation in the pubertal characters described by the models. Multiple correlation coefficients (R 2 ) for pubertal age were .22 to .39; those for pubertal weight were .49 to .50; and those for pubertal height were .69 to .81. The high degree of interdependence among the pubertal and growth characters as demonstrated by the multiple regression models was investigated through principal components. The principal axis of variation among animals in both sexes was associated with size and scale of the animal. Weights at puberty and at ages near puberty were most highly correlated with the principal axis; however, the correlations with height measures were not much smaller than those for weight. The principal axis for describing the variation among breed-types was influenced strongly by skeletal size. The correlations of height measurements with the first principal component were approximately three times the magnitude of the correlations with weight measurements for both sexes. The importance of size and scale and the minimal influence of age in describing the principal axis of variation both among animals and among breed-types is indicative of the physiological relationship among the characters. Age is an arbitrary measurement imposed on the animal; age at puberty was associated with the secondary axis describing the variation among cattle for both sexes.
Total variation in pubertal characters of both sexes was described by the first principal component, which involved coefficients of similar sign and magnitude for age, weight and height. This first component accounted for more than 70% of the variation in the pubertal vector of both sexes.
The importance of skeletal size in relation to puberty was emphasized by the principal components of the variation among breed-types for the vector of pubertal characters. The coefficient associated with pubertal height dominated the first principal component for both sexes. The correlation of the first principal component with pubertal height was very strong. This first principal component accounted for over 70% of the variation among breed-types for the entire vector of pubertal characters.
The results of this study illustrate the interrelationship of size, growth and puberty. The usefulness of height measurements as indicative of differences among breed-types also was documented. These measures of skeletal size are less susceptible to environmental variation than is weight; they also are considered to mature earlier. These attributes likely are related to the utility of height as a character in selection programs and contrasting different treatments.
